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INTRODUCTION

The anti-cancer drug doxorubicin (adriamycin) causes severe adverse effects at high doses
and loses its efficacy against multidrug resistant tumors including breast cancer. Potentially fatal
cardiotoxicity can develop in patients when the cumulative dose of the drug exceeds 450 mg/m?.
For optimum use of doxorubicin it is necessary to overcome multidrug resistance of tumor with
simultaneous protection against cardiotoxicity. Cardiotoxicity may result from the tendency of
doxorubicin and its metabolites to accumulate in the heart and trigger free radical mediated
injury (1-3). At present, R-verapamil, tamoxifen, raloxifene, toremifene and dipyridamole are
being considered as chemosensitizers for reversing tumor resistance to doxorubicin. It is
important to identify and avoid conditions under which they preferentially sensitize the tumor
without subjecting the heart to the deleterious effects. Free radicals are known to induce
apoptosis. If free radicals are the cause of cardiotoxicity, then R-verapamil, tamoxifen,
toremifene, raloxifene and dipyridamole should protect the heart by virtue of their anti-
peroxidant action. If apoptosis is the cause of cardiac injury then the alleged anti-apoptotic
action of these chemicals should be beneficial to the heart. If cardiotoxicity is the result of
altered kinetics and metabolism of doxorubicin to the more toxic doxorubicinol, then certain
metabolic inhibitors would afford protection. Apoptosis in the tumor is desirable, whereas
apoptosis in the heart is detrimental. Methods for decreasing the free radical burden in the heart
and preventing the accumulation of doxorubicin and its metabolites in the heart may improve the
clinical usefulness of doxorubicin. This may be achievable because the antitumor action of
doxorubicin may occur through inhibition of DNA topoisomerase with minimal involvement of
free radicals. The mechanisms involved in the actions of these pharmacologically diverse
compounds may hold valuable clues for improved cancer therapy and protection against
cardiotoxicity. The specific aims of the project are:

#1: To determine if R-verapamil, tamoxifen, toremifene, raloxifene and dipyridamole alter the
metabolic and pharmacokinetic profiles of doxorubicin in athymic nude mice with multidrug
resistant MCF-7 human tumor xenografts. High pressure liquid chromatography (HPLC) will be
utilized to measure the concentration of doxorubicin, doxorubicinol and the chemomodulator in
blood, tumor, heart, kidneys and liver of mice. The extent of lipid peroxidation and the
concentration of reduced glutathione will be determined in heart and liver tissue by standard
biochemical assays.

#2: To determine if R-verapamil, tamoxifen, toremlfene raloxifene and dipyridamole have
differential effects on programmed cell death (apoptosis) in cardiac tissue compared to the
tumor. The extent of apoptosis in heart tissue and tumor will be assayed in situ by histological
methods and by DNA laddering assays in order to correlate cardiac damage with extent of -
apoptosis.

#3: To apply the electron spin resonance (ESR) technique of spin trapping to compare the
influence of R- and S-verapamil on doxorubicin-induced free radical formation in vitro and in
vivo. Alpha-(2,4,6-trimethoxyphenyl) N-tert-butylnitrone (TMeOPBN) will be administered to
mice for in vivo studies and TMeOPBN and 5,5-dimethylpyrroline N-oxide (DMPO) will be
used for in vitro experiments with cardiac microsomes and mitochondria isolated from animals
in the different treatment groups. The long term goal is to find safer methods of treating
multidrug resistant advanced breast cancer with doxorubicin while preventing cardiotoxic side
effects of treatment.
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BODY

There are several reports that the MCF-7/ADR cell line used at many research centers for
investigating doxorubicin resistance in human breast tumor cells is not genetically related to its
presumed parental cell line MCF-7 (4-6 ). Multidrug resistant breast cancer cell lines whose
pedigree can be reliably traced to their parental cell lines have been obtained by researchers in
other laboratories by transfection of the appropriate genes for drug resistance. Matched
sensitive (wild type) and its multidrug resistant variant are now available to us from reliable
sources such as Georgetown University and the National Cancer Institute. We have to repeat
many of the experiments that were carried out earlier with MCF-7/ADR, using these matched
pairs of breast cancer cell lines of varying drug sensitivities. Our attempts to produce multidrug
resistant MCF-7 cells by serial exposures to graded concentrations of doxorubicin failed to
yield stable drug resistant mutants. Therefore we have depended on the cell lines developed in
Georgetown University by Dr. Robert Clarke (specifically MDA 435/LCC6 and its multidrug
resistant derivative MDA 435/LCC6MR1) and by Dr. Michael Gottesman of the National
Cancer Institute, National Institutes for Health ( MCF-7 and MCF-7 MDR clone 10.3, which
has been transduced with MDR1).

The HPLC techniques have been developed and the necessary quality control measures have
been established. These will be directly applicable to pharmacokinetic studies. A standard
curve was generated for quantitative analysis of doxorubicin using daunomycin as an internal
standard (Appendix 1). The reproducibility of the method was also tested (Table 1 and Table 2
in Appendix 2)

Flow cytometry was used to characterize the cell lines with respect to the presence of the protein
associated with multidrug resistance. As expected, the protein associated with multidrug
resistance was found only in MCF-7/ADR cells but not in wild type MCF-7 human breast cancer
cells.

Since multidrug resistance is associated with an ATP binding permeability glycoprotein (pgp
170), the influence of glucose on the growth of the two cell lines was examined. The two cells
differed in their response to high levels of glucose (Appendix 3). Increasing the glucose
concentration in the medium from 5 mM to 25 mM was without effect on MCF-7/ADR cells, but
stimulated further growth of MCF-7 cells. This may have some bearing on the growth and
progression of tumors in diabetic individuals.

The cell lines were further characterized in terms of their sensitivity to doxorubicin in the
presence and absence of tamoxifen (Appendix 4-8 ). Isobologram analysis revealed synergistic
interaction of doxorubicin with tamoxifen in the case of MCF-7/ADR but not MCF-7 cells
(Appendix 7 and 8 ).

Electron spin resonance (ESR) techniques were utilized to study free radical production in cells
treated with doxorubicin. The formation of semiquinone free radical from doxorubicin was
detected in anaerobic incubations of cells (Appendix 9). The spin trap DMPO was utilized to
detect the formation of hydroxyl free radicals by cells incubated with doxorubicin and DMPO

under aerobic conditions (Appendix 10). The dose of doxorubicin needed for demonstrating free
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radical production was quite cytotoxic and comparison of the results from the drug sensitive
MCF-7 and the drug resistant MCF-7/ADR cells was further complicated by the differences in
tolerance to doxorubicin.

The ability of tamoxifen to inhibit microsomal lipid peroxidation was studied using liver and
cardiac microsomes (Appendix 11-12). The concentration dependent effect of doxorubicin on
microsomal lipid peroxidation was studied (Appendix 13 ).

The in vivo studies associated with task 3 (pharmacokinetic analysis and apoptosis assays in
animals) of statement of work have been delayed. However, we have grown MCF-7/ADR cells
as solid tumor xenografts in nude mice as part of another ongoing project dealing with in vivo
phosphorus nuclear magnetic resonance spectroscopy. We will soon initiate tumor
transplantation for pharmacokinetic studies and apoptosis assays using authentic multidrug
resistant breast cancer cells. A prior assessment of the factors influencing apoptosis will be
useful for interpreting the results of apoptosis assays on tissue and tumor samples from treated
animals. Therefore the effects of different agents on doxorubicin-mediated apoptosis were
studied.

Inhibitors of protein kinase C are known to play a regulatory role in cell proliferation and
apoptosis. Protein kinases have been identified as therapeutic targets that are worth exploring
(7). Tamoxifen, raloxifene and dipyridamole are inhibitors of protein kinase C, which is being
recognized as an attractive target in cancer chemotherapy, especially for overcoming multidrug
resistance (7-9). The influence of oxidative stress, pH and calcium homeostasis in drug
resistance is being actively studied in several laboratories (10-13).

The multidrug resistance reversing agents, tamoxifen, dipyridamole, verapamil and raloxifene
are inhibitors of protein kinase C. Furthermore, these compounds possess some antiperoxidant
activity and a tendency to perturb calcium homeostasis in cells. The basic amino groups in
compounds such as nicotine, tamoxifen and dipyridamole, can alter intracellular pH and
influence cellular uptake of anticancer drugs. The diverse pharmacological properties make in
vivo study of these compounds exciting. In vitro experiments have been carried out as
preparation for the projected in vivo studies on tumor bearing mice.

Necrosis was the major source of cell death in doxorubicin treated MCF-7/ADR cells.
These cells are probably not of breast origin in spite of the nomenclature used. These cells have
mutated p53, which may account for their resistance to apoptosis (4,14) (Appendix 14).

The protein kinase C inhibitors tamoxifen, raloxifene and dipyridamole partially sensitized
MCF-7/ADR cells to doxorubicin, when cell viability was estimated using colony formation
assays. These compounds also inhibited doxorubicin stimulated microsomal lipid peroxidation.
All three compounds displayed non protein thiol sparing effect in microsomes treated with
doxorubicin. This confirms the anti-peroxidant properties of these compounds.

Nicotine, tamoxifen, raloxifene and dipyridamole are amino compounds with some basic
character. Nicotine activates protein kinase pathways in some cellular systems (15-19). This is
in contrast to the other three compounds which inhibit protein kinase C. Interestingly, nicotine
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decreased the cytotoxicity of doxorubicin towards MCF-7 cells (Appendix 14 and 22) (14).

Adenosine triphosphate ( ATP) is needed for pathways leading to apoptosis, and ATP
depletion promotes necrosis (Appendix 15 ) (20). Therefore it is important to understand the
effects of different pharmacological agents on cellular energy production. In collaboration with
Dr. Paul Wang of our University, we have utilized 3Ip NMR spectroscopy to study ATP
producing capacity of MCF-7/ADR cells (21). The technique should allow us to compare the
effects of tamoxifen and doxorubicin on ATP production and glucose utilization by drug
sensitive and resistant cells. We had noted differences in the glucose mediated proliferative
responses of MCF-7 and MCF-7/ADR cells (22). Since these cell lines are genetically unrelated,
we will repeat the experiments with authentic genetically related pairs of drug sensitive and drug
resistant breast cancer cell lines.

The importance of the sphingomyelinase - ceramide pathway in ceramide mediated
apoptosis and drug resistance is rapidly gaining recognition ( Appendix 16 ). The roles of
sphingomyelin and ceramide pathways in multidrug tumor cell sensitivity and resistance are
being examined in several laboratories (23-29). We are teaming up with Dr. Xinbin Gu of our
University, to investigate the effect of nitrone spin traps and nitroxyl spin labels on ceramide
mediated apoptosis. Free radical initiated apoptosis can be triggered via sphingomyelinase
pathway. Nitrones and nitroxyls exhibit antiperoxidant activity in systems where dipyridamole
and tamoxifen also inhibit peroxidation. Therefore, we will compare the abilities of these -
compounds to perturb the sphingomyelinase pathway and apoptosis in drug sensitive and
resistant breast cancer cells treated with and without doxorubicin.

Important differences were noted in the metabolic activation of doxorubicin and another
anthracycline, mitoxantrone (Appendix 17 ). Mitoxantrone yielded free radical intermediates
during oxidative as well as reductive metabolism. Free radicals were detectable by electron spin
resonance techniques only during reductive metabolism of doxorubicin (30).

We also observed that the neutral red assay for cell viability was unreliable when used with
multidrug resistant cells, presumably due to lack of adequate retention of the dye by the drug
resistant cells ( Appendix 18 and 23 ). This assay also overestimated the viability of heat
inactivated cancer cells (31).

Among several compounds tested, loperamide, an over the counter medicine for treatment of
diarrheah was a potent sensitizer of of multidrug resistant MCF 7 clone 10.3 cells towards
doxorubicin. (Appendix 25). Flow cytometry measurements indicated that loperamide increased
the accumulation of doxorubicin in these drug resistant cells.

We evaluated a series of 1,1-dichloro-2,3-di- and tri-arylcyclopropanes as multi drug resistance
reversing agents. Many of these act as pure anti-estrogens. This is in contrast with tamoxifen
which has some estrogenic activity in addition to its well documented anti-estrogenic features.
Some of these antiestrogens were nearly as effective as tamoxifen in overcoming cellular
resistance to doxorubicin. (32). (Appendix 26).

In view of the recent interest in natural products as therapeutic agents, we tested tetrandrine and
berberine, which are used in traditional Chinese medicine, as sensitizers of multidrug resistant
7




| MCEF 7 clone 10.3 cells towards doxorubicin. (Appendix 27).

We had several setbacks associated with misidentification of the MDR cell line. The cell line that
. was originally obtained was probably a drug resistant cancer line unrelated to breast. The current

resistant cell line MCF-7 clone 10.3 is an authentic multidrug resistant breast cancer, which is

easily passaged both in vitro and in vivo as solid tumor xenografts in Balb/c nude mice.

We have started preparing manuscripts on all our results (task 4: statement of work), and expect

to submit them for consideration of publication in peer reviewed journals.

KEY RESEARCH ACCOMPLISHMENTS

e HPLC method for measuring doxorubicin content in biological samples has been
standardized.

e MCF-7 and MCF-7/ADR cells have differ in their growth patterns in RPMI medium with
normal (5§ mM) and high (25 mM) glucose levels.

¢ MCF-7 and MCF-7/ADR cells metabolize doxorubicin to the corresponding semiquinone
free radical. However, the concentration of doxorubicin used to demonstrate this results
in reproductive cell death of the cells. The semiquinone free radical was observed
under anaerobic conditions. Including 5,5-dimethylpyrroline-N-oxide (DMPO) as a spin
trap enabled the detection of hydroxyl radical in aerobic incubation mixtures.

e Tamoxifen inhibited doxorubicin stimulated lipid peroxidation in both liver and cardiac
microsomes.

¢ Tamoxifen by itself causes reproductive cell death. Tamoxifen interacts synergistically
with doxorubicin to cause reproductive cell death in MCF-7/ADR cells, but the
interaction is only additive in the case of wild type MCF-7 cells.

¢ Demonstrated necrosis to be the major cause of cell death in doxorubicin-treated MCF-
7/ADR cells.

¢ Demonstrated the PKC inhibitors tamoxifen, raloxifene, and dipyridamole partially
sensitized MCF-7/ADR cells to doxorubicin when cell viability was estimated using
colony formation assays.

¢ Demonstrated that nicotine activates PKC pathways in some cellular systems in contrast
to the other three compounds that inhibit PKC.
Utilized *’PNMR spectroscopy to distinguish drug sensitive and multidrug resistant cells.
Nitrones and nitroxyls can perturb the sphingomyelinase pathway and apoptosis in drug-
sensitive and —resistant cells treated with and without doxorubicin.

o Detected free radicals during reductive metabolism of doxorubicin and mitoxantrone.

e Observed that neutral red assay for cell viability was unreliable when used with MDR
cells, and overestimated the viability of heat inactivated cancer cells.

¢ Doxorubicin lethality after multiple dosing with LDy is associated with bone marrow
depletion.

* Doxorubicin treatment (LD1o) of mice decreased cardiac levels of non protein sulfhydryl
by nearly 50 percent whereas the levels of total sulfhydryl and protein bound sulfhydryl

8




were not significantly affected.

e An EPR method for measuring the sulfhydryl levels in cells was utilized successfully.

o The different MDR reversing agents did not affect the conversion of doxxorubicin to the
correspoding semiquinone under anaerobic conditions.
Microsomal metabolism of doxorubicin is inhibited by tamoxifen
Agents that reverse multidrug resistance inhibit microsomal lipid peroxidation.
Natural products such as terandrine and berberine modified the sensitivity of multidrug
resistant breast cancer cells to doxorubicin by inhibiting the expression of mdr gene.

e A series of synthetic antiestrogens were found to reverse multidrug resistance of breast
cancer cells in culture.

¢ Have demonstrated that the anti-diarrheal agent loperamide is extremely effective in
overcoming multidrug resistance of human breast cancer cells.

e Inhibitors of PgP causes enhanced retention of drugs in the heart and brain.
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CONCLUSIONS

A robust analytical method has been established for carrying out pharmacokinetic studies on
tumor bearing mice. The formation of free radicals during cellular metabolism of doxorubicin
has been demonstrated. However, the conditions necessary for demonstrating free radical
formation also caused extensive cell death. Tamoxifen is an efficient antioxidant which interacts
synergistically with doxorubicin to kill multidrug resistant MCF-7/ADR cells. This has to be
confirmed in vivo using solid tumor xenografts of MCF-7/ADR cells in nude mice. This will be
accomplished in the next phase of the project. Raloxifene and toremephine will also be tested in
vivo along with tamoxifen. Our experiments underscore the importance of glucose levels in
modulating the proliferation rate and cytotoxic response of cells.

The MDR reversing agents, tamoxifen, dipyridamole and raloxifene partially inhibit
doxorubicin mediated lipid peroxidation in tumor cells and in microsomal preparations. The
results need to be confirmed using MCF-7, and MCF-7 MDR clone 10.3 cells developed by Dr.
Michael Gottesman of the National Institutes for Health..

The MCF-7/ADR cells which was used in our studies has a mutated p53 and is not prone to
undergo doxorubicin mediated apoptosis. Moreover this cell line may not even be a breast
cancer. Therefore it is essential that we concentrate our efforts on MCF-7 and MCF-7 MDR
clone 10.3. We also have MDA 435/L.CC6 and its multidrug resistant derivative
MDA/LCC6MR1 for comparison.

It is important to test the antiperoxidant and thiol sparing effects of tamoxifen, dipyridamole and
14




raloxifene using authentic breast cancer cells differing in drug sensitivities. These results should
be compared with those obtained using cardiac muscle cells. Electron spin resonance studies
should be carried out to evaluate the thiol tone of muscle cells and tumor cells treated with
doxorubicin alone and in combination with tamoxifen, raloxifene and dipyridamole.

The MCF-7 and MCF-7 MDR clone 10.3 will be grown as solid tumor xenografts in Balb/c
nude mice for completing the pharmacokinetic studies as proposed . The results from these
studies will help identify any preferential effects of doxorubicin and multidrug reversing agents
on the tumor in comparison to the heart .
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Figure 1: Calibration Curve for HPLC Analysis of Doxorubicin

HPLC analysis was carried out on samples containing known amounts of doxorubicin (DOX) and
daunomycin (DAUN) as the internal standard. Spherisorb ODS-2 column (5p 4.6 mm x 25 cm
column was used in a Shimadzu HPLC system equipped with a fluorescence detector. A 70: 30
mixture of phosphate buffer (pH 0.06 M; pH 4.0) and acetonitrile was used for isocratic elution

at a flow rate of 1 ml per minute, at room temperature. Fluorescence detector was at excitation and
emission wave lengths of 480 nm and 560 nm respectively. Doxorubicin and daunomycin eluted
after retention times of 7.5 and 17.5 minutes respectively.
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Coﬁcentration of Percent Coefficient of
Variation
Doxorubicin (ng/ml) ' Intra-day Inter-day
25 22 6.9
125 5.8 6.0

-

Table 1: Intra-day and inter-day reproducibility of HPLC analysis of doxorubicin

Plasma samples containing known amounts of doxorubicin were subjected to the acid extraction
procedure and analyzed using HPLC and the inter-day and intra-day variation was checked.

Concentration of Doxorubicin Concentration of Percent recovery (mean *
added (ng/ml) Doxorubicin recovered standard deviation)
25 23.3,26.4,23.9 98.1 £5.36
50 45.9,48.1,53.7 98.4 £ 6.56
100 94.5,93.8,96.7 95.0+1.23

Table 2: Efficiency of acid extraction method for recovery of doxorubicin from
mouse plasma.

Plasma samples were thawed and mixed using a vortex generator. one hundred microliters of
plasma were spiked with an equal volume of daunomycin (5 uM) as an internal standard and then
mixed with 300 ul of 0.6 N HCI in 90% ethanol and stored at 4°C for one hour to form a gel. The
sample was then centrifuged at 20,000 g for 25 minutes and the clear supernatant was analyzed
for doxorubicin. Since doxorubicin and daunomycin are photosensitive, all manipulations were
performed under subdued light.
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Figure 2: The influence of glucose on proliferation of MCF-7 and MCF-7/ADR

cells in culture

The effects of glucose concentration on cell proliferation were investigated in MCF-7 (left panel)
and MCF-7/ADR (right panel) cells. Single cell suspensions were prepared from exponentially
growing monolayer cultures. Cells were seeded in several 6 well plates at approximately 1 x 104
cells/well in 3 ml of RPMI 1640 medium containing 5% fetal bovine serum and normal (5 mM)
(open circle) or high (25 mM) (open square) glucose. Total viable cell counts were determined
daily using 0.4% trypan blue dye exclusion and the number of cells per dish calculated. the
proliferation rate of MCF-7/ADR cells was higher than that of MCF-7 cells at normal glucose
concentration. The proliferation of MCF-7 cells was stimulated by high glucose (top panel) but
there was no difference in the proliferation rates of MCF-7/ADR cells exposed to normal and high
glucose (lower panel). Data are mean + SD for triplicate determinations which were repeated in
three separate experiments.
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Figure 3: Cell survival curves for MCF-7 cells treated with graded
concentrations of doxorubicin with or without tamoxifen

Cell viability was assessed using clonogenicity measurements. Appropriate numbers of
exponentially growing MCF-7 cells were plated in triplicate onto 60 x 15 mm tissue culture
dishes containing 5 ml complete medium. Cultures were treated the next day with doxorubicin (0
to 20 pM) alone (closed circle) or with tamoxifen (10 uM) (open circle) for 6 hours. At the end of
the 6 hour drug treatment, the medium containing the drug was removed, and the cultures were
washed with phosphate buffered saline and replenished with fresh medium. The cultures were
incubated for 10 to 12 days and then stained with 1% methylene blue in 50% ethanol. Colonies
containing 50 or more cells were considered to be reproductively viable. Survival of cells with
respect to untreated controls was plotted against doxorubicin concentration.
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Figure 4: Cell survival curves for MCF-7/ADR cells treated with graded
concentrations of doxorubicin with and without tamoxifen.

Cell viability was assessed using clonogenicity measurements. Appropriate numbers of
exponentially growing MCF-7/ADR cells were plated in triplicate onto 60 x 15 mm tissue culture
dishes containing 5 ml complete medium. Cultures were treated the next day with doxorubicin (0
to 75 uM) alone (closed circle) or with tamoxifen (10 pM) (open circle) for 6 hours. At the end of
the 6 hour drug treatment, the medium containing the drug was removed, and the cultures were
washed with phosphate buffered saline and replenished with fresh medium. The cultures were
incubated for 10 to 12 days and then stained with 1% methylene blue in 50% ethanol. Colonies
containing 50 or more cells were considered to be reproductively viable. Survival of cells with
respect to untreated controls was plotted against doxorubicin concentration.
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Tamoxifen (uM)| _ MCF-7 CELLS MCF-7/ ADR CELLS
Dox (pM ) | Enhancement | Dox (pM) | Enhancement
1Cs Index (EI) 1Cs Index (EI)

0.0 0.96 - 25.0 -

1.0 0.91 1.1 20.5 ’ 1.2
2.0 0.76 1.3 15.9 1.6
5.0 0.47 2.0 5.1 4.9
10.0 0.06 16.0 0.7 35.7

Table 3: Enhancement of doxorubicin cytotoxicity by tamoxifen

Appropriate numbers of exponentially growing MCF-7 and MCF-7/ADR cells were plated in
triplicate onto 60 x 15 mm tissue culture dishes containing 5 ml of complete RPMI 1640
medium. Doxorubicin (0 to 20 p M in case of MCF-7 cells; 0 to 75 pM in the case of MCF-7/ADR
cells) and / or tamoxifen (0 to 10 pM) were added the next day. After 6 hours of drug treatment,
the medium was removed from the cultures which were subsequently washed with phosphate
buffered saline, and then refed with complete medium. The cultures were incubated for another 10
to 12 days and then stained with methylene blue (1% solution in 50 % ethanol). Colonies
containing 50 or more cells were considered to represent a viable cell. The number of colonies
arising from viable cells was determined and the survival was calculated relative to untreated
control cultures. and the dose response curves were plotted and analyzed by the method of Chou
and Talalay (4) to determine ICso values. The enhancement index (EI) was calculated as the ratio

(ICso of Doxorubicin in the absence of Tamoxifen)
(ICsp of Doxorubicin in the presence of Tamoxifen)
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Figure 5: Isobologram analysis of cell survival data on MCF-7 cells

The nature of the interaction of doxorubicin and tamoxifen was evaluated according to the method
of Berenbaum (5). Since each drug was cytotoxic when used alone, the combination of
doxorubicin and tamoxifen was considered homoergic. Cells were treated with tamoxifen alone or
doxorubicin alone or combinations of the two drugs over a range of concentrations and ICsp values
were determined as indicated in table 3. The ICs, isobole was constructed and the combination of
tamoxifen and doxorubicin was found to act additively.
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Figure 6: Isobologram analysis of cell survival data on MCF-7/ADR cells

The nature of the interaction of doxorubicin and tamoxifen was evaluated according to the method
of Berenbaum (5). Since each drug was cytotoxic when used alone, the combination of
doxorubicin and tamoxifen was considered homoergic. Cells were treated with tamoxifen alone or
doxorubicin alone or combinations of the two drugs over a range of concentrations and ICs, values
were determined as indicated in table 3. The ICsy isobole was constructed and the combination of
tamoxifen and doxorubicin was found to act synergistically.
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Figure 7: Comparison of doxorubicin semiquinone free radical production
during anaerobic metabolism of doxorubicin by MCF-7 and MCF-7/ADR cells

Single cell suspensions were prepared from exponentially growing monolayer cultures. Anaerobic
incubations were carried out in closed sample vials (2 ml capacity) containing (107 cells/ml)in
phosphate buffered saline (pH 7.4), glucose (0.2 mM) and doxorubicin (0.1 mM). The samples
were transferred anaerobically into an ESR sample cell after incubation at 37°C and the spectra
recorded over a 60 minute period in order to assess the kinetics of semiquinone formation. The
relative intensity of the adriamycin semiquinone signal was plotted against the duration of
incubation. Inclusion of tamoxifen (10 pM) did not affect the formation of semiquinone free
radical. The signal due to doxorubicin semiquinone was higher in the case of MCF-7 cells
compared to MCF-7/ADR cells. It is important to mention that the concentration of doxorubicin
used in these experiments cause reproductive death of almost all the cells. The two cell lines differ
in their tolerance or sensitivity to doxorubicin.
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Figure 8: Comparison of hydroxyl free radical production in aerobic
incubations of MCF-7 and MCF-7/ADR cells containing the spin trap
(DMPO) and doxorubicin with or without tamoxifen

For these experiments, aerobic incubation mixtures contained 107 cell per ml in phosphate buffer
(pH 7.4), glucose (2 mM), doxorubicin (100 pM) and DMPO (100 pM) with or without
tamoxifen (10 uM). Aeration was ensured by bubbling air through the incubation mixture
maintained at 37°C. Electron spin resonance spectra were acquired at different times over a period
of 1 hour. The intensity of the second peak of the 1:2:2:1 quartet of the DMPO-OH signal was
plotted against duration of incubation.
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Figure 9: Inhibition of cardiac microsomal lipid peroxidation by tamoxifen.

Incubation mixtures contained 3 mg microsomal protein per ml, 2.5 mM NADPH with or without
doxorubicin (25 pM) and tamoxifen (0 to 25 pM). Malonaldehyde was determined by measuring
the absorbance at 532 nm of the 2-thiobarbituric acid conjugation product after processing with
thiobarbituric acid reagent under acidic conditions (6). Lipid peroxidation was allowed to proceed
for 60 minutes. No effort was made to exclude adventitious iron in the buffers or reagents used.
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Figure 10: Influence of tamoxifen on doxorubicin induced lipid peroxidation
in liver microsomes

Incubation mixtures contained 1 mg of microsomal protein per ml and an NADPH generating
system composed of glucose -6-phosphate (5 mM), NADP (0.3 mMO and 0.5 units of D-glucose-
6-phosphate dehydrogenase. Lipid peroxidation was determined on the basis of 2-thiobarbituric
acid reactive substances which have a strong absorbance at 532 nm (6). Lipid peroxidation was
allowed to proceed at 37°C for 60 minutes in the presence or absence of doxorubicin (25 pM) with
or without tamoxifen (10 pM)
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Figure 11: Effect of do_xoi'ubicin concentration on microsomal lipid
peroxidation.

Incubation mixtures contained 1 mg of microsomal protein per ml and an NADPH generating
system and graded concentrations of doxorubicin (0 to 150 uM) with or without tamoxifen (10
puM). Lipid peroxidation was allowed proceed for 60 minutes at 37°C and the extent of
peroxidation was assayed by measuring 2-thiobarbituric acid reactive substances (6).
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ASPABES

T eeEanann
Redox activé agents cause scrambling of plasma membrane phosphofipids and active SMase/
endocaramidase; This nitiates the ceramide-signaling pathway leading to apoptosis.
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F: and fesponse to treatment. The NMKE wchmque bas mmnsxca!iy weak
sxgna!s, which it the ummétc r:sulutmn md seasmmy A m:w

wnsmtcé using” a rg!_l temp £y

mvm
m‘e cenductei i far itra cell mztxhuf:sm smdy on 94 T 'ap-tmmm
tumeit-bearing’ ‘animial fhudy ofi a 4.7 T scanner.

1o the eall metabolism stady, MCF?. human bmstcmcr m:!is sind th::u variazm are used to
charatterize the differences in Tevels 6f p
a5 under Tamoxifen and Doxorub m,mnmnt
celly (~107cells) are restrained in ‘agarose gel-thread and murmuaus!y pcrfuscd
wnh nutnems. Phesphemzs mctabohtm identified mclud@ plmspbos:hchﬁe. murgamc

, nsive to Ta ithin 12 hours. ln contrust, MCFT) ADR
mu!ndmgmsnsmtulis showedm mtrem_by p«ﬁmonof pMthmmbim

: anitriisl stuidy !mnhy"m;cs«hymfcmennw(z 25 g} are used. MCF“?Mldt}rpe
ug resisiat m a3 solid tumy memehinéleg. Thcnthcrnon-

; g aly dmppe&
inarganic phosphase mreuse:& This: y" : : inportaiice of
high quamy NMR spectra in &affmuﬁzﬁng drug sensitive and dmg miﬂﬂﬂ! cci!s

The U.8. Armiy Medical and Material Command iider DAMIY7.96-1-6289 supported this
work,



R study of cast ¢ n"cer l:en 3! ,
gearclr Prognst Mesting. ?i‘ﬁc&edmgs-vmmem, Abstract

CANCER CELL&

,,,‘.mmml Zho6, Chlkesdirim B Agws,
‘Ercheng i ud‘ihiagopniaa Sridhar

Depiartmizt of Ridiology, Howird University
Wash gtun.mm

mﬁg@h@wmﬁ edu

pleas mhmmdthhmadmngmd!' i eGtra
e ovéd perfusion system, which includes positive atid negitive pressure fraps
.wpmmt ubble generation. mslds:mel&MR.samplem This system buban ussd to
pmleng_,( v tygm;at uz hairex mva study 1o longer than 16 duys:

& I{a were gommwsmmﬁummmm
0 | mixed with low

2 repmwn time 2 'sec
G acquired over an hour:
Cand dewteritm locked: Many phosphorus
#ir chernical shifts and by spiking with the
mpmmmtmm (FE), 1 mpmhom

ce. Theimproved cell ig
o‘f cell metabolism in wnhlc eells and fog

—

B U'S. Ary Miodion! Reseasch aad Matereh Cormerand snder DAMDI7-00-1-0291 supporid this wock-
PGS0




APPENDIX 21
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Duxnmbcm Mmym}bwdmummmmmmmMMwm
metastatic breast cancer. Doxorubicin therapy is compromized by the ment of
ammmmmuaﬂymmﬁmmty I'hnmypudybcmw&ee
radica] intermedistes generated diring metab ____;ofdom|mmmnmm

"”m«mgagmtshou@dmﬁﬁuﬂnmuﬂ:mh
; " 80X wy Stice -cardiotoicity may involve
-ﬁurada:nlz,rtmu!ﬂhhméﬁem fwmmwmmm
: . putentia ""','tyofsiﬁmmbmn

give mehy&umdmﬁdwofbm Campmmot&eendmﬂyietdsﬁnm
‘MCFT and MCET/ADR cells ‘in thicse experiments. was. dzﬁimdtvbamm’ﬂt

srtions of visble eells and doxorubicin Concent il same
fnrbothceilhm Opﬁmimhnn nf:immmmmmmmmm
pm

TheU'S. Army Medical Research snd Malericl Command under DAMD!7:8-1-6105




induced 2 “Apopt wx evalusted tn vitrp using MOF-7 Bumsn bie i
Expam;nua]]y growing: momhymf cultires 6f MCF-7 cells wire tréated with ZOJ.:M mmtm:
for: 120 minies, followed by & to-exposure to: m;m doxorubicin for S0 mintés.

AP assayed: immedialely gfier exposLre ta doxorubicin. Twenty micromolar

inhi iﬁed dox' eif-induced apantasis, buzed on DN ﬁigmenmon analysis,

: ﬁftcmwamd:upub&” e, ‘Trestment with
IO;LM doxuruhucm a.tmc fm?ﬂ minutes incressed caspane-3 mwity w 143% mdeispawﬂ

Vactmtyt’ %mbmvgm lm%x:h for sach enzyme in untreatad control cutmm

' : i hiM siicotine ppduced the caspase:3 and

'1tms=smedm X ik '-w 114%3:16 loi%afmlml

edlly ng lowards sancy, then condary malignancies may b
higherin pahmm who nse tobaced produsts dii g and after dommbxmn ueamu

Redeennmors: {1) Montality trends fior séiccied semoking-retinsd cancers and biess cantet, Unied Stigs 1950. -
1990, MMWR. 1993, 47:857.-483. {2) Schinoll RA ¢t ). Cortelaues of tobacce use among stickers and pecan
,qumtr:s dwgmﬁ with Caneer. Patient Edve Couns: 2003 Fcb 46(1) 33745

?Poggmﬂwt sumumd bytlu- 1S, Ay Mudxw Reseteh mﬂMmml Cnmmmd MDMH 98-

PLO2S




Abstract: Sridhar, R, Balan, K., Shankar, R.A., Zhou, Y, and Goldson, AL,
.’Ohservatmns on the -application of neutral red Aassay for cell vzablhty Abstract of

presentation at EXPERIMENTAL BIOLOGY 2001, ‘Orlando, FL, 2001. FASER J, 15
(4):pp A238, 2001,

i » mmmg,
ummavmﬂmud
wuﬂkgmﬁkm!w
mtmmbm

I.mhyhu_s m%lﬂmﬂ;ﬁhﬁw

MWDM]T%&-MM}




Pharmsteudeat Riséarch, Vol 37, No U1, 209

‘Review Anrticle

APPENDIX 24

Protein Kinases as Therapeutic Targets

Rajagopalan Stidhar," Olivia Hanson-Patuton,” and Denise R. Cooper™

phorylation sesve az molacular switches for-

‘diabetex ilso lavalve deregulited levels of protein kinusss. New apps

Recetveil May:19; 2000 accepted July 14, 3000

Protein mmmmm likaly targets w;mwwamnmmmm
“aiw involved i specific ﬁ,malin; pathmys which rewlsie tr.li tone :

progresslon, cal] adbesion, vassidar Mmlm Protein ¥ d dephiot
MW!&QW%MMMN
mmumapmammnmmmmmmmmmmam-
uwummszEaunmwumwammﬂhmm__ aprplicxtion

and mono : o liiked Kinames, Inhibiticx Bisipt
;mm'ﬂmmmnaﬂmofgh«pmwwhymmmamfwmtdm
‘wammnm@mm&mmﬂm«mw multiple-intraceliular targets that
can difute the effective celivlir concentration of anagent, and tians spacificity. Kinase inhibitor may

mmrwmumwmmmdeﬂummmmﬂynm

‘currend Uealents,

KEY WOREMY protein kidass; dgnal transduction; sduction; drig dedign; chemotbarapautic sgents.

Bukaryotic prntam kinazex constifule % large t‘amxly of

homulogous proteins that catalyze the frandfer of the gamms .
-phosphate group. of ATP or GT? o the' hy:hmyl group of
:serine, threoning ot tyrosine in a substraté protein. Protein

‘kinases differ in structure, yubcelinlar location, substiate
spccxﬁm:y, ‘and function. Cellular signiling cascades ety on

“the phosphorylanan status of pathway proteing 1o alter theiy
‘function. Some substrates transmit the signal, whils the ﬁnal
‘protein targets are altered in activity, Phosphoryiated umlc,}

threonine, or tyrosine residues are aubstrates for specific pro-

tein phosphatases 3o that ph«paomam and dspbmpﬁoﬁ
: Iatlon serve a5 ‘moleculsr switches and each is bighly regitated

el axid duration {Figm 1) {14}
wlay finctions such as gene txptmnu, cytoukelatal
.'eeill adhmnu, _qu_:ll r:rdc m)gwmon, ind dzf!:mn—

wnh"m 1y d.w.:ms inclmhng mm ml dmbetna Regamm

i D:pmmm of Eadulxou Oncology, Howard University Hospital
and Caricer Center, Was&ng&on, pC

* Depaitgent of Cbemmry, Ulriivptaity of Centril Oklzhoms, Ed-
fond, OK. -

31, A. Haley Veterans Hospital and Depariments of Blochemistry

-und Motm;[u Biology md Medicine, Univenity of South Florida

 erans. Hos pital, 13000 'mu B um mvd, “rmp-, FL. ssm
{e-malfs dcunpemamlmcd.m@du]

‘of signal tzamducﬁmby cytokines and the association ufngv
nil ‘mofecniss with' protaoncogents and tumor suppressor
genen bave been subjecti of intense rescarch in the industrial
sa!ﬁ:xz a8 well a8 in acedernics. Many therapeutic atruicgics

can now be developed through the synihesis of vomponnds
which sctivate or inactivate protein kinsses. In 2 multiceliular
Wm&mmmmmmwaMmkm-
der oormal 25 well s pathalogicsl conditions. Coexistence of
abmormsl cells ‘with aormal cells provide the stroma and
blood supply caential for maintaining growth aosd progres-

sion of tumors. Such codepéisdenice relies on a wide array of

mptm e signil ¢ trmmscimn p&!hm:u to thie nucleus of

isa' t‘tf:n Mated with nmnngmms in ﬁﬂam orgm

miking tyrodine kingse ‘signaling pathways attractive targets
ta-r ongology restarch.

Cyrokines, hmmunm and gowth factors bind’ and acti-
vate spesific receptors. The molecular mechanizms of signal
trapsduction patherays were chucidated by identifying the gpe-
ciffe-protein kinase cascades along with their downstream tar-
pets, which include some specific transéription factoss. Pro-
tein kinastes act in concert with cytokines, cell cycle regumory
mlu:um proteing of apoptom machinery and transcription
factors via pathways that regulate cell metsbolism, differen-
tiation, proliferstion snd death, Many therapedtic stratégies
are aimed xt eritical components in signal transduction path-
wiyy (=13).
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Regulator Kinsses 'have classlﬁ" d them on the their structisal and fiinic,
Gt kTP (DB orADE inse ”‘-’hﬂdﬁ,""’;‘ﬁm@f

Ser, The, Tor

snmmmm . ' 'l'ht‘.'l‘rraz«iam.md

~altered protein fusition

G(‘}. 4} the pmtcm 1ymsmz‘kmases {P'FK), aud 5)
sother™kinases fulling outside the four major groups. Mem-
bers of groups share substrate preferences. For edample, both
the AGC:and CaMK- gmups phosphorylate serinefthreoning
residues near argining andfor lysine: Members of the serine/

phosphiaiases, 1t th used
P hmp aiases. It v one of the mosi 'mwmm mmhamsms ¢ by ihteamne kmase group‘ CMGC phosphatyiate sumel

‘welis for a:gnai tmnsduﬂhﬂu.

’?ROTEIN KI&ASES ARE
GROUPED FUNCTIOMALLY

Eaikaryotic protein kinases typically encode a 250 amina Kinases "z.Ium:iatcd mxhaliy by broad spcmﬁmty inhibitors,
acid eatalytic domain that is cotumunly. uudex the control 6f & With the ‘rapid. expansion of DNA sequence. databases, it is
separate re:gtzlamry domain or-subunit, Hanks and Hunter  likely (hat additionst kinases will be' discovered,

Group: Family:
e PKA
AGC PKG
AGC o
CaMk CaMK
CMBC coK
MAPK
&5K-3

{

“Other”

g 3, Diagrain ol the major familiss of protein kinases. Kinase catalytic’ dnmaiﬂs are shaded blagk. The AGC
ErORp includes cycliv nuttegtide-dependent peotein kinases {Broteis kinase A (PKAY and Protein kinase G
'{PKG)) and lipid. dependanl pmtem kumsnz £ (PKC) families. The catalytic subunit of FKA ie shown, PKG
ed gxay Tch zegnidtr;;ry dmnmn of PKC is alsa shad»ad gray. ‘l‘he

;,mciurtcs the ml( MAI‘K!ERK :mti GYK-3 umilies 'i‘hc FIK: gmup mciudcs the Sré [n;mly xmd the EGFR
RBIK Lanaily. The N: Aerrninal mynstayi {Myz) modification alfows for membrane altachmeni: The $HZ snd SH3
«domaing dve shown, RTK# tomtain transmembrane (T M} and extracellutsr bitiding domsing for ligands (Chiceked
::.!mémb} Tﬂe “mher” gmsnp inelude ‘WK Ral, and the TG téceptor and LIM kinascs. Raf kinases have a
' ). _GF B rt«rcp ars havé axinccllniar ligand binding domal ;"(checked shadmg}
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""_"the prdtein kina es. arld 4smular numberv f geaes
{1 e elassifisd

ization and enzymatac m:h ¢ (15,20). The- activities of PP1
entof metal iong. (15 1&] Til*: cita-
\'egulamry sabu

{yac subumt of PP binds

miine- PPl subczllu!ar localization and ‘actw;tjr (17) wh;lt.
plicryla .

regulatm-y «mbunu (B-sub t,‘;l9kDa) 1tis dapendent on the
Ca**-calmodulin coraplex for complete activation (19), Cver.
40 protein’ tymsmz phcspha[asas {PIP) have been character-
ized. Spegific activators of protein phuspha s arestill being
soughit, The 12, G5 and CI6 ceramides ate ‘teported activators
of protein phosphatases: {71—‘7'3)

THERAPEUTIC STRATEGIES FOR
TREATING CANCER

Cancer tredlicot straiegas mctude (1) mhzbumg wmor
well prolifecation; {i#) inducing tumor cell death By necrosis or
apopmm, {iil) inhibiting tumor angmgenems, (iv) facilifating
host immune System, (¥) indaci “yégetative mm’or w.ns 10
fndergo teominal differentiation, {(vi) inhi !
infibiting tusior cell adhesion zmd tnvasiventss of normal tis-

s pla
They posacss 4230 ﬂmma Aeid tatnlyne damam md wntam & deids
number of regilatory subunits that govers subcellular local-
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TYROSINE KINASES AS THERAPEUTIC TARGETS
'FOR CANCER CHEMOTHERAPY

R@cem ffoﬂs i dmg dmgn fave, Atargeted specific ki-
58 :of: fr :

is ‘that are .«.pmﬁc for the pnmcu]nr SH2. sequence and

SH3 domains latch onto proline-rich regions (10).
" “Receptor tyrosing kinases| (RTKs), many-of which are
growth factor: receptom, are transmembrane glycoproteins
with a mernbrane spansing domain And a conserved cytoplas-
fnic tyrosine kinase domain. The RTK superfamily consists of
, ates and m;:&udes 56 different Teceptors

y owﬁx’faét&i [EGF}. hepamcyte ;;row:h factnr (HGF)? ap:-
‘dermal growth factor (EGE), platelet derived growth factor

[I’DGF} ‘and vascular endothélial growth factor (VEGF),
-and many other receptors.

“There is considérable structural sxmalmty Emong each
Rm{ subfamily, Related réceptors usually bind related K-
ily of receptors (EGF reccptor,
HER2, HER3 and HER 4) and their Hgands {TFG-«), am-
phiregulin, heparin binding EGF (HB-EGF), betacellutin,
‘and hereguling Bach of these recsptors contains two domains
that share the.conserved sequenve pattem of nearly 50 s~
teine residues; -additionally, sack of the Tigands contains 2
‘conserved Taotif of cystoine sextet prevent in fhe profotypical
EGF (10).

Binding of.a' hgand t an RTK leads to reveptor dimer-
izativns and activation of the intracellular catalync fkmasc\
domain. [n'the dimer, the citalytic unit of one receptor sub-
unit-phosphorylates: specific tyrosines in the other suburit.

“The'phosphorylated receptors then phosphorylate or interact

with pther adapter and signaling olecnles through phospho-
tyrosines, triggering a cascade of further phosphorylations
and! depliosphorylations. After a series of downstream
£ ;’ﬁvmvmg several pmtcms, the Signal reachss the
n eus in; ﬂ:c formof 4 molecule which can altef the activity

‘genétic machinéry to contral cell profiferation, differ-
cntt'{tmn, r.cll metabohsm, wid eved pwgmmmed ‘cell dedth
(apopmsxs) (10,26.2‘?}

Tosulin-ike growth factor 1 (EGF-l) and related recep-
tors eXist as preformed dimers of o and B chains. Following
activation, the gand-induced phosphorylation ‘is similar ta
the RTK pathway. The phosphotyrosines of the receptor van
bind to.an-adapter moleeuté or substrate such as phosg hatidyl
inositol (P1) 3-kinase. The association of PT-3:kinase with the
insracelhular domin of phospherylated RTK enhanices PE3
kinage: activity ¥ia allosteric activation of the ca’ra!)mc subimnit
(0. 28) o confrast to subsiratés of R“f”f{s such ay Pl-3-kinase,
‘the adapter malecm!es contain na intrissie catalytic’ getivity.
An égample bt an adapter moleeule ig tins signaling is Grbz
in (ha MAP kma&t: P "hway (29]

humxm czmcer makfu thésc . kal‘get for mhlbltmn {10 30)
}Examgle:s of these are& erbif (EGF rcceptor}, neu (HER2), kit
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{stem-cell factor raceptur) fms (CSF1 receptor), met (HGF
receptor), trk (neurotrophin receptor), sea, ros, ret, eyk, and
ax{ (10). A number of cytoplasinic tyrosirie kinases mciudm;;
src and abl behave as oncogenes when mutated or inappro-
priately expressed (10). Nearly 30% of human breast and
ovarian cancers show amplified expression of the receptor
tyrosine kinase HERZ (31). Amplification of HER2 gene also
correlates with decreased patient survival and a shorter time
for recurrence of disease {32).

Blocking of the receptor/ligand interaction is also an ef-
fective thg'a'rapéutic target. Herceptin (Genentech, San Fran-
cisco, CA) is a humanized monoclonal antibody against
HER2. The success of Herceptin in cancer treatment supports
the hypothesxs that blocking certain RTKs can curtail cancer
progression. Alteration or overexpression of RTKs such as
PDGF and EGF receptors has also begn associated with cer-
‘tain cancers. Inhibitors of RTKs may inhibit the prowth and
proliferation of such cancers, since RTKs stimulate tumor cell
proliferation.

Inhibitors of RTKs are useful in preventing tumor an-
giogenesis and can climinate support from the host tissue by
targeting RTKSs located on vascular cells (e.g., blood vessel
endothetial cefls and stromal fibroblasts (FGF receptor)). An-
othér example of restricting blood supply to a tumor could be
through vascular endothelial growth factor (VEGF) and its
receptor. Several splice variants of VEGF are known {(e.g,,
VEGFy,, VEGFws. VEGF, gg, VEGF,06) which vary in the
number of amino acids in the peptzde (33) VEGF stimulates
endothelial cell growth during angiogenesis, and increases the
permeability of tumor vasculature o that proteins and other
growth factors become. accessible to the tumor (10). Broad-
spectrum antitumor efficacy of an oral dosage form of an
inhibitor of VEGF signaling has been reported (33). Thus,
inhibition of VEGF receptor signaling presents an important
therapeutic target. An extracellular receptor can also be a
target for inhibition. For example, the EGF receptor family
and its ligands are overexpressed and exist as an autocrine
loop in many tumor types. One EGF-related peptide, amphi-
regulin, is coexpressed in pancreatic and ovarian cancer (10).
HB-EGF is expressed as an autocrine loop in gastric cancer,

Sﬁdhar Hanson Paintms, and Cooper

EGF recaptor is found in over half of breast tumors unre.*
sponsive to hormone (10). EGF is found in many tumors, and
EGF may be required for tumor cell growth. Antxbody to
EGF blocked the growth of tumor. xenografts in mice (35).
An_ auntisense ohgcnucleoude for amphiregulin inhibited
growth of a pancreatic cancer cell line (36). A variety of in-
hibitors of RTXs are listed in Table 2, some of which are
already in clinical trials,

OTHER TARGET POSSIBILITIES

Many tyrosine Kinase inhibitors are derived from natural
products including flavopiridol, genistein, erbstatin, lavendus-
tin A, staurosporine, and UCN-01. Inhibitors directed at the
ATP binding site are also available (11,37). Signals from
RTKs can also be inhibited at other target sites such as:
nuclear tyrosine kinases, membrane anchors (inhibition of
farnesylation) and transcription factors.

DEFINING THE TARGET

Targeting the signaling potential of growth promoting
tyrosine kinases such as EGFR, HER?2, PDGFR, sre, and abl,
will block tumor growth while blacking IGF-1 and TRX will
interfere with tumor cell survival. Inhibiting these kinases will
lead to tumor shrinkage and apoptosis. Flk-1/KDR and src
are kinases necessary for neovascularization (angiogenesis) of
tumors and inhibition of these will slow tunzor growth thereby
decreasing metastases (38). Met promotes cell migration, and
inhibiting this kinase should also decrease metastases (39).

‘The usual criteria applicable for evaluating conventional
chemotherapy drugs may fail to detect the efficacy of drugs
targeted against RTKs. Inhibitors of RTKSs stabilize the tu-
mor in terms of cell profiferation, normal celt loss via apop-
tosis, and prevent cell migration, invasion and metastases.
These drugs are likely to increase the time required for tumor
progression, and may inhibit or attenuate the aggressiveness
of the disease but may not initially result in measurable tumor
regression. Therefore, specially designed trials are needed to

-evaluate the uscfulness of drugs designed for RTK inhibi-

Table 2. Inhibitors of Receptor Tyrosine Kinases

Inhibitor Tyrosine kinase target Clinical trial Source
Genistein EGF-R, v-src
Herbimycin A EGF-R
HNMPA-{AM)3 IR-K -
Lavendustin A IR-K
Tyrphostin 23 IRK, EFG-R
PP1 Y-81C Pfizer
PP2 v-$1c Pfizer
ZD 1839 (fressa™) EGF-R Phase I (NSCLC, breast, colorectal, ovarian, renal, esophageal, Zeneca
pancreatic, and mesothelioma solid tumors)
CP-358774 EGF-R Pfizer
CGP 59326 EGF-R Novartis
PD 166285 EGF-R, PDGF-R, v-s1¢ Parke-Davig
CGP 57148 PDGF-R Novartis-
SUID1 {Leflunomide) PDGF-R Phase 11 (glioblastoma multiform) and Phase {I {prostate, Sugen
lung and ovarian cancer)
5L 5416 Flk-1/KDR Phase 11 {AIDS-related Kaposi sarcoma) Sugen
STIS7T abl Phase | (Philadelphia-chiomosome-positive leukemia) Novartis
ZD419%0 VEGF-R Astra Zeneca




Protein Kinsses

pc :mc ixgentx ditional time té {;au{se tumiar regressmu
) & ; _cana.r ansmg fmm a dbﬁ,ch"le 1yrosi

(:’t K \40} Many sohd tumors ovemxpmss cpldtrmal
, Iﬂ.ssa (2131839];15 at ora!ly ac-

Many gmwth Eactors and cytﬂkmes rcguls&e cellular
furictions via the Janus kinase (JAK) signal transducers and
activators of transcription (STAT). Membrane- associated
JAK tyrosine kinasss are activated npon ligand binding to an
RTK. This preferentially recriits dormant cytoplasmic -
scription factory (STATS) which are subsequently acnvaked

by phosphorylation, The phmphorylatcd STATS wigrate o
the’ nuclous and 4etivate travscription. of the target pene
(45; 46} Cellk derived from rat and huiman cuapers have con-
stitutively activated Stat3; and the mshgnant potential of can-
cer has baen associated with Stat3 activation (47.48). The
JAK inhibitor AGY40 prevents Statd activation snd sup-
presses the growth of human, prostate cancer cells (48).

DNA DEPENDENT PROTEIN KINASES

DNA»dl.'pt;ndent protein kinase: (DNA-«I‘K} is involved
in the tepair of double-strand breaks in mummalian célls. This
pRzyme requires epds of double stianded 1INA or tratisitions
from siaple steanded to doubls stranded DNA in order to act
K a scnnc.flhn.mnnt: kigase | 9—54} Cells mth daf v ’or

ent 1 1 ity ! k
ced DNA double str:md breaks md consequantly very sens
“sitive to thé lethal effects of ionizing radiation {50-53), DNA-
‘PK-dependent repair of DNA double strand break involves
‘D Alipdse TV aid XRCCY (53—"F$} Inhibition of DNA-PE
has the potetitial to increase the cfficacy of antitumor treat-
‘ment with radiation or chemotherapeutic agents.

CELL CYCLE REGULATION BY CYCLIN
DEPENDENT KINASES

Progression theough the cell cyele s controfled in part by
"4 series of regulatory molecules valled. cyclms and thie cyclin-
dapendam kinasts {CDK} which' thgy activate. In- addition to
fhe eyelins, CDK activity is alsore spulated. ty phmphurylauon
and dephosphoryhtmn Ce!luiar m?uhimm af CDKs also play

i major Tole in'cell cycie pmgmssmn (58) Alu,ruiwns jnthe.
expression, funct:on, and structure of eyclin aod CDK are-

. cnmuntared 1 the canicer:
be important mrgf..ts fqr
' p{:rtmbahons oceur-ia tamors-aid tomor cells treated
with onizing adlation and o1 chc.mntherapculm agunts.

Eaotype. Therefore CDKs miay

m CARCIN(}GENESE

cancer therapeutic agents: Call’

Whether or not the DNA damage caused ifcells ieads ta z_-e!]

v ;‘attempting mnosix whxie, DNA dam.ag:: is 1argely
unrepaired

INHIBITION OF CDXs TQ INDUCE APOPTOSIS IN
CANSER CELLS

I_’urmcs aid purine analops act 8§ CDK inhibitors. Fla-
piridol (L86-8.275) is a flavonoid that causes 50% growth
mmbmnn af rumor zells at 6{2 nM {57) Il also mhlblix EGFR'

pmstatc c.anccr cells grown ut vwo as Emnur x:uograftz in
aude mice. At the molecular level, flavopiridol affects CDK
function and arrests:cells in the G/M and G,/S border. Both
cycling and non-cycling cells are killed by flavopiridel. At
conventrations above 1 micromolar, flavogindol loses it se-
recuvuy and siarts inhibiting other kinases (6.2, 6 p,M is'the
2(‘50 for pmtr:m kinase C) (57} Slautuspnnua and its deriva-
tive, UCN-01, in addition fo inhibititg protein kinase Cin
hibit cyclin B/CDK {ICy 3 to 6 2M). Staurosporine is {unc,
bt its derivafive 7 hydmxystaumspcmua {UCH-DI) has anti-
tumor propertics wod is in clinival tials (58), UCN-01 affects
thie phosphorylation of CI3Ks and altars the cell cycle check-
poinl ﬁmcucnmg These componads Hlustrate that multiple
inbracellulir targets may be affected as the. toncentration of
an inhibitor §¢ incrsased withia tells,

TISSUE SPECIFICITY AS A COMPONENT OF
IDE"G'I!FYING THE THERAPEUTIC TARGET

T: am{xxlfsn. a protein kinase C inhibitor with anti-
estrogen activity, is mrrrentty a 5t:md3rd treatroent for hor-
mﬁne‘depmdent breast rancer. The use of ‘this ‘compound

may inkdease the vigk of develc-pmg cancer in ochet tissues
siich- as the éndometrium (39, Rn!amfene, a related com-
-puund h&s been shown 1o protect agalnst-osteoporosis. (59):
The- tissue specificity. of inhibitors must:be-considered when
1dz:ut1fymg therapeutic fargets.

MITOGEN ACTIVATED KINASE (MA.P KIN iSl‘fS)

“

‘Signal transdiction to the nucleus in respame 10 Exira-
cellular stimolus by  growth factor involves ‘the tmtﬂgf.n ac-

‘nvate:d prmem (MAP) kinases; MAP kinasesarc a. family: of
,pmtem serine threoning kinases' wh1ch mediate slgﬂal trang-

Qugtion fram g){trzce.!lular receptory or heat sheck, or LV
‘radiation {somz n.t:cpturs are Lyrosine kinase receptors)
(60 61), These kinuses, io concert with other signal transduc-

‘Tion pathways cah Getwork to différentially alter the phos-

phorylation of transcription: factors. Cell proliferation and
differentiation in normal cells are under the regulstion. snd

contral af mumple MAP kinase caseades. Aberrant and de-
:mgulated hmctmmng of MAP kinases can initiae aud sup-

port carmnugcm.sm (62,63): Tusulin and 1GF. 1 also activate &
nutugcmc MAP kinase pathway that may be important in
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acqmrs.d insulin. resistance uccunug in type 2 diabetes
(64).

PHOSPHATIDYLINOSITOL 3KINASE, PKBJAKT
AND CELL SURVIVAL

Many cadcérs become refractory to chemo 1
velopmg & survival strategy involving the com ﬂuhve ‘activa-
‘ _hq phusphatidyimumml 1 e-protein kinase
B/AK ignaling cascade; This stpvival s;gnah,u pathway thus

Akt signalmgts equnl!y important in diabetes (69). The path-

way activated by RTKs subsequently regulates. glycopen syn-

thast kinase 3 {GS }-and glucose uplake, Since Akt his
decreased activity in type 2 diabiétes, it provides a therapetitic
target (69).

K]NASE INHIBIDGRE A5 TOOLS FOR STUDYING
C’ELLULAB. SIGN ALE':G

substratc s quenu:" thin PKC ac!s o mhxint the kingse in

the abaence ofits lipid activator (71) A PKC inhibitor such as
chelerythrine acts on the catalytic domain to block: substrate
Interaction, while calphost“ ;

buqucucc amd i:lock ATPaw

I::bxtol:s appf:ar .

‘PKC inhibitors, !m:ludmg those for PKC&IL inhibit i

A acts on the regulatory domain:

i)e firectad mward the cunvenbnnal I’KC{
(rug-.x!tztcf.i by p!!ospht)hpich‘. ta!cmm and dlacytglymemi) with

Sridhar, famrmmm&emu

at; least: i:wo mhx!ntm of PKCBII féentiﬁed (72 73) Most

i
induced ghicose nptake {74,18%. The rmporiam of PKC sio-
tivation. for insulin setion has been- the topic of Rumerous

Studies. Multiple PKC i isozymes -appear to. be: involved in

reguiatmg giucoss uptake {78) and iasulin resistance medi-
gted by the insulin receptor (19).
Thi cavest for svaluating the spemﬁc iunct\naof a kmaxu

jusmg mhnbatox;s he& \ _thr:‘ namsp::cxﬁc acuonx of mme <o~

becames an tmportant target for the develapment of specific P2
ifkiibitors that would block ils function (65-68). P11 kinase/ -

i, lar fsozymes.
1A hali»hfc, dxfiusmn, or: mitltiple intracel-

- u!ar recapmrs 18 also’ cunsidatation,s when interpreting in-

hibitor ¢ffects om metabolic and mitogenic function,
Activated kigases can have multiple substrates that afe
then trafficked. to subcellilar locations via phosphérylation/
dephosphorylation signals. Nuclear. targets of activated ki-
nases are thought tobe transcnpuoual activation factors. An-
other mechianizm of achivating transa'lptmn Factars that ate

‘dormant in the tytoplasm is"their translocation inta the

nucleus upon phﬂ&phﬂrylahnn ‘This mechanism: of signal
:tan-sducuan is-observed ip the tase. of NF-&B proteins {74).
NF-«B complexcs are inactive due to complexing with 1B
inhibitors; but upon phosphorylnnon of the regulstory IeB by
PECuand PKA, free NF-xR complexes are dissociated and are
then transtocated 1o the ntcleus (74):

"OTHER, MODES OF REGULATING

PROTEIN KINASES

Al!hcugh stme protéin kinages havc, to date, po kﬂm’m
system of physiological repnlation, many are activated or in-

Growth %
fac?or/ltgand . ' Plasma Membr‘ane
g“’;“niing Receptar Tymsme*k:mase pm-fgm
\_’_ : Translational
?ﬂfhwuys Regulation
, mRNA-n_ Andlor
DNA NG l Regulation of
| [P mRMA stability
¥ Transcriptionalregultion Inactive/destabilized -
Pre-mRNA- o ‘ ‘
| Post-Transcriptional mRNA
| Regulution: &
splicing, editing Miuclear
export
_M;zfuré"mRNi% ‘

Nucleus
“%-«.M

mg X Regulamw conaol. pomts in’geng. exprossion | b;r growih: factm Protein kmase :signaling pathways activated by pratein

‘.rylosm

protein phosphorylation.

kinases are Knoin 1o regulate: RNA transeription, postiteanserisionat processing of pre-mBNA, mRNA stahility, and




occurs franscript :
translationally. (Figure 3). Th
tional regulation is alternative splicing of precursor v
(75). Protéln kinase C-BLand -BIN are two e '
» derived from differences in the. __
the C-térniinal 50-52 amino acids, Splicing can

différint specificities far phosphorylating members of the.mi-
toien ‘activated: protein (MAP) kinase family, for -glycagen
synthiae 3@, for nuclear transcriphion factors such S TLS/Fus,
and for other nuclear kinases (76-78). By inhibiting the post
tragscriptional alternative splicing of PREBI
PKCpIl-dependent processes aré inhibited.

 The stability of mRNA ‘encoding the
also apparently regulated by kinase cas
of PKCS mRNA by phorbol esters is ¢
destabilization of PECBIL mRN. !
in which tability is modulated by protein kinases (81}, T
segulation of PRCRIL ‘expression by insulin via alteznative
‘splicing: of pre-mRNA and glucose via dest abilization of
mRNA suggests ihat post-ranscriptional processing may be

a likely target for altering kinase leveis. The development of
.antisense oligouycleotides tyinhibi  {he expression of yarious
profein kinase$ has begi successt ‘Antisense ofigonuclen-

tides are short leigths of synthctically manufactured; shemi-

cally modified DNA or RNA. designed to specifically inferact
with mRNA ranscripts encoding target proteins. The inter-
“sction of the antiscnse moiety with mRNA iohibits proteii
reanslation an 8, pUs '

{e:g.. alternative splicing an _ _
oligonuclotides have been developed to alter altcraative splic-

4, in some cascs, post-transeriptional processing

ing of BelX jong to :-_2;1_(%'_[{ mRNA formsaud forifhibiting the
translation of PKCa and PKC £ {82):

PROTEIN KINASE INHUBITORS IN
CARINOVASCULAR DISEASE AND VASCULAR
COMPLICATIONS IN DIABETES MELLITUS

dve been implicated o celly-
lar ehanges dhaerved it the vascular complications of diabe-
tes, Hyperglycemia is’ associated with increased levels of
PKCa and { isoforss in renal glomeruli of disbeti¢ rats (12).

Proteit kinase C isoformy’h

Oral sidministration of a PKC ichibitor prevented the -
‘creased mBNA gxpression.af TEERI and extracetiular ma-

‘trix cumponent penes (72}, Adutinistration of the. speific
PKCR inhibitor (LY333531) also normalized levels of cyto-
kines, caldesmon and hemodynumics ‘of fetinal and. rénal
‘Blond fow (72): Overexpression of the PECR isgform in the
myvcardiym resulted in cirdiac hiyperttopliy and failyre (72),
The, use of LY333531 10 prévent adverse effecte of cardiae
PKCH overespréssion in diabetic subjects is under fmyestigo-
tion (72). The ¢ompound ix also in Phase LTI elinfcal wials

tor disibetic retivopathy and diabetic maculir-edema indivat-

‘inji Ahdt it may Fe pharmacodynamically sctive (7).

CONCLUSIONS

G original, uriderstanding fnf’fk';;u»asesv;and ﬁ;{:il oles in
cethabar metabolisnt ave bissedl ol work by Krebs, Graves-aod

' tigtions on such diverse species-as D. melan

responseé o peptide hor-
), PKCALand I have:

d ‘stabitity) of- mRNA. Antisense

1D, L, Shiwyer, Tyrosine kinase infabitors: From the
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Fistier (84), more recently, information provided from inves-

Ggaster, 5. cers
tified new ki-

evisiag, D. discoldeumt, and C. elegans has

‘e genes'and allowed cloning of their mammalian counter-
- parts (1.3). The further use of peptide |
- protein-DNA, and’ protein-profein. Interaction systems will -
- advance our wiideistanding of kinase specificity and how ki-
ates are sagtlsted by p ,
.additional males

brarics, pro

¢in RNA,

d by protein iteraction, and will provide
ular possibilities for drug intervention.
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Evaluation of a series of 1,1 dichlcrﬁ-Z,B-ﬁl-«and tr:-arylcyclapropancs as MDR.
reversing agents

. Yanfei Zhou, Ra;agupalan Sridhar, Xinbin Gu, Xigowu Pang, Raghavan Balachandran, Robert A,
Magarian, Rilly W, Day. Howard University, Washingtor, DC, University of Pittsburgh, Pittsburgh,
PA, University of Ofclahoma, Okhlahoma City, OK.

Multidrug resistance of tumor cells. an be a problef in canter therapy with'drugs such as‘doxerubicin
(Dox) [t is known that the antiestrogen, tamoxifen sensitizes multidrug resistant human breast cancer
¢ells o doxorubicin cymmxzmty Tamoxifen is not a pure antiestrogen, sinceit can exhibit some
estrogenic activity and increase the risk of endometrial tutors. The pure antisstrogen; Analog I (Z-1,1-
dichloro-2,3-diphenyleyelopropane), which was found to be cffective as a suppressor of DMBA-induced
mammacy tuiners, was not effective in; sensmzmg dcxombwm resistant MCF-7/MDR ¢lone 10,3 human
breast cancer cells (obiamcd front M.M Gottesman, NCI) A seties of 1,1:dichloro-2,3-di- and 2,2,3-tri-
aryley ciopmpzme'i were evaluated agamat MCF-7/MDR  clone 10,3 cblls with respect to their potential
for overcoming ¢ cellular resistanice to doxorubicin. Single cell suspensxons of MCF-7/MDR clone 10.3
cells were exposed to graded concentrations of doxerubicin alone and in ¢ombination w:th fourteen
anneqtmgem at IO mmro moiar z;oncentmtwn l‘ar ﬁlﬂ.b d-;tys Ce,ll v1abxhty was assayed in mphcate

dOKOﬂlblClI} in thL pu:sencf: of the cyckopropane@ were determmed Compansou {Jf the ICSO values gave

the extent of reversal of doxorubicin resistance at the 50% survival level, Data for eleven effective
cumpaunds are tabulated below (Table). Seven out of the eleven wmpounds were comparable to
tamoxifen in termis of their ability to overeome mumdrug resistance. Not listed in-the table are Analog Il
and diethylstilbestrol (DES), which had no effect, as well as dienestrol, which caused 1.6 fold reversal of

MDR. Thesc cyclopropyl derivatives have the additional advantdge ol being pure antn.strogens that may
fiot be associated with the risk of endometrial cancer:




Table: Tamoxifen and Li-dicklors-23-dl-and trl- aryleyélopropanss as MDR
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Ahstrant

Doxotubicin is a potent anticancer drug that is used for treating a wide range of
ngoplusms including breast ¢ancer. Thc full ¢linical potential of this drug has not been
attained because:of its cardiotoxic side éffects. The development of multidrug resistance
‘in hifmors ¢an also minimize the eflicacy of doxorubicin, On¢ mechdnism of multidrug
Tesistance in timors 1§ associated with overpraduction of a permeability glycoprotein Pop
that acts as an energy dependent transport purnp. ”Ihié’gl}:coproiein»pmnp facilitates the-
efflux of ‘doxorubicin and a variety of stiucturally unrelated cancer drigs out of the ¢ell.
Cells that overoxpress Pgp ate teltactory to conventional chemotlicrapy because they fail
‘o accumulate and retain lethal concentrations of the anti-cancer drug. In this paper we
,,t;\cgm pare two structurally related alkaloids berberine and tetranidring for their ability to:
modify the sensitivity, and the cytotoxicity of doxorubicin towards MCTF-7 clone 103
iltidring résistant human breast cancer eslls in culture.

The institute for alternative medicing, NTH has identified these two alkaloids for
-evaluation as anticancer agents. Preliminary studies indicate that tetrandrine is supetior to
berberine in Sensitizing multidrug resistant MCF-7 clone 10,3 ¢ells towards doxorubidin.

Tt;trgx;dtizm ‘was more cytotoxic than berbering vevga__r‘:s’;i'n the absence 'offdgxqmiiici5|=.' The
profiles and shapes of the dose resporse curves were different for drug seasitive 4nd drug.

tegistant cells treated with graded doses of doxorubiéin.




1. Intraduoetion

Multidrug resistance of tumor eells ean'be 4 problom in tancer chemotherapy using

it is fiecsssiry to overcotie MmOt resistancs to drug whils preventing cardiotoxicity,
I__’f';:}?mc;;yi;it_z’,f gl“y,cqpmteig.‘f(_;!?‘?g;gj i:;j,.ancgﬁi:ec_if(by ;f;df famll*y afgeneg Q"éifs with 'ﬁi’gh
levels of (Pgp) are refractory to doxorubi¢in treatment beciuse they do not accumulat
sufficicnt concontration of the drug. This transmembiafié protein is an energy dependent
efflux pump for a wide range of structurally diverse ¢ytotoxic drugs. Overexpression of
iy enes is one of $eveial mechanisms associatéd with mhifidfdg resigtance of hirdors
{ 1-5). Potent antiw;fa;;c;c;‘- dmgshugh as doxorubicin, a;ppgside; paclitaxel and vincristine
are.amang those affected by multidrug resistance (MDRY). |

Thete are several pre-clinical 4nd clinical investigations of chemicals that inkibit Pep
and restore drug sensitivity in ‘MDR cells and tumors, The caleium channel blocker
verapamil and the anti-estrogen tamoxifen are ¢chemomodulators that partially overcome

MDR #n vitro and in vivo,

‘Berberiné is 4 major compornent of the medicinal berb Coptidis rhizoma (kows a8 oren
in Jupan and huanglian in Ching) that has been used in Ayurvedic and Chinese medicine
for treating a variety of diseases. The alkaloid tetrandrine, prasent in the root of
Stephania tetrandra, has bieeh used in Chinese medicing for the tréatment of arthritis.

Berberine and tetrandrine inhibit proliferation of cancer cells in culture. The

mechanismg of action of these drugs are not clear. In this communication we are




comparing the two alkaloids as modifiers of doxoriibicin resistance i multidrug

resistant breast cancer cell line MCF-7 clone 10.3:

Cardigtoxisity of doxorubicin may arise from its tendericy to acounmalate in the heart and.
trigger free radical -mediated inju ty (6). ‘Many is}:aymheiisc and natural compounds have
been tested for theirgbility to function as"cHemomadulators of MDR and decrease tuinor
resistance to doxorubicin, It is important o identify and avoid conditions under which the
chetoniodulator sensitizes the heart to the deleferious effects of doxorubicinn. Free
wadicals are known (g induce apoplosis. Thc;’r;:fére;‘:ﬁm?é is much interest in identifying
compounds that setisitize multidrug resistant cells to doxorubicin while acting

simultancously t6 protcct against drug associated Gardiotoxicity.

2. Methods and Materials
2.1 Chemicals

Tetrandrine and betberine sulfate were purchased from Sigma Chiemieal Co.  Tissue
culture supplics and assay kits werg pumh’ased from Invitrogen, inc.
2.2, Cells

MCF-7 human breast cancer cells.and iifs_fmqlﬁdrug ;mgi;stanf variant MCF-’? clone
10.3 cells(7 ) were cultured and maintained as ¢xponcntial monolayers in & huraidified
5% carbon (oxide air atmosphere in a 37°C incubator, RPMI 1640 mediurit fortified with

10% fetal bovine serum, glutamine (2mM), sodium pyravate (J mM3-and 100 units/ml

cach of penicillin and streplomyein,




'Exydﬁentiail;ﬁgrdwm;gz,eﬁiﬁxrlesﬁdf MCE-T wild t;yliiz-!_:':i,{human' breast cancer cell line
sensitive 1o doxorubicin, and MCF-7 ¢lone 1033, a multidrog resistant cell ling that is
registant to-doxorubicin were treated with doxorubicin -alone and in combination with
berberine sulfate and / or tetrandrine. Cell viability was detetmined using an assay based
on 4 tetrazolium dye [3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl- 2 H-tetrizoliom bromide;
MTT] (8). The ;effécis.gi’ va:ib;xs=cqncgntraﬁans:»>-of &erbenne and tetrandrine “on the two
cell lines were studied. “The elfects of combined treatiuctits with the'alkaloids and
doxorubicin on cell viability were analyzed,

3. Results

MCE-7 cloac 10.3 cells wore several fold resistant to doxorubisin compared to MCF-
7 wild type cells ( Fig. 1). ‘The cytotoxicity of tetrandrine towards MCF-7 clone 10:3
¢ells and MCE-7 wild type cells.are shown (Fig. 7). The differencey ifi sensitivities of
the twocell lines to tetrandrine is not as dramatic.as those observed with respect to
doxorubicin toxicity (see Fig. 1 for comparison). Berberine, b its own was toxic td
MCF:7 wild type cells over the 1070 80 uM range.  Adding 4 puM tetrandtine to the
different concenteations of berborine -*Utii:y;sl ightly inoreased the cytotoxicity towards
MCE-7 wild type cells. Tetrandrine at 2. uM level did not affect the cytotoxicity of
beiberitic tovwards MCF-7 cells. (Figj.'?;);

Berberine wits ¢viotoxicinthe 10 to 80 uM range towards multidrug resistant
MCF-7 clone 10,3 calls. Tnthe case of these resistant célis,_the cwﬂtoxicity of berberine
was iut:r_a’ased.by the addition of 2 or 4 mictomolar 161rai1dfi'ﬁe:. {Fig. 4). Morcover, the

wild type and multidrug resistant MCF-7 cells did not-differ much in their sensitivity to




berherine. Thisdgain r’;msharp cottrast 1 the differences in the sensitivities of these:
cell linies to doxorubicin (see Fig. 1 for comparisor),

Thie g;,mtiaxic’-ity of doxorubicin towards the wild type parental MCF-7 cell line was
oiily slightly affected by the antiestrogen famoxiten (10 UM). The survival was
drastically reduced when tetandrine (10 or 20 pM) was combinied with doxoritbicin
(Fig. 5). The doses of tetrandring used in this asé wergrather high, in view ofihe fact.
that tetrandrinie cytotoxic even in the absence of dpxqmﬁit;in.

Similar experiments showed that berberine (16 or 20 M) decreased:the cell survival in
the casc of MCF-7 wild type eells treated with grﬁdet’;ﬁﬁééutﬁéﬁons of doXorubicin
(Fig.6). C»ambin:;;ians of tetrandrinie and berbering also decreased the cell survival of
MCFE-7.cells treated with different concentrations of doxorubicin (E*igd . Rather high
doses ol etrandrine were used incthiese exporiments. The resulls reflect the dominamnt
effect of tetrandrine at these doses.

Tamoxifen {10 uM) clearly sensitized nltidrug tesistant MCF-7 clone 10.3 cells to
doxorubicin. Tetrandrine (2.5 to 10 WM range) decreased the cell survival of these
miultidrug resistant ¢ells treated with graded doses of doxorubicin, Tetrandrine is
relatively non toxic to'these cells at 2.5 uM. This low dose of tetrandrine was mote
effective than tamoxifen, which is an effective multidrug resistance reversing agent, in
overcoming resistance to tamoxifen (Fig. 8).

Berberine (20 nM and 40 uM) did not inifluence the cyvtotoxicity of doxoribicin
towards multidrug tesistant cells. Berberine was ineffective in overcoming resistarice 1.

doxorubicin (Fig, 9). Combinations of berberine and tetrandrine in the presence of




doxorubicin. was very toxie to mullidrug resislant MCE-7 tlone 10.3 cells (Fig. 10). In
his case the oylotoxic olfbet of strandring way the domiant factor
-4. Discussion-

Theré is considerable interest in the medicinal properties of berberine and fetrandrine
(9,107, Recently, the Netional Iustitutcs of Health has identificd these natural products
for further investigations as anti cancer agents. Berberine has been shown to inhibit
‘cancer cell proliferation snd inhibit DNA topoisomerases (11,12 ), Both'these alkaloids
appear to be _SuBSt-zfgtes for ATP ;bi'x}ld,ing. ;g'lympriite?ins associated with multidrug
resistance (13-17 ), There aré ‘Zi'ézolzi’tjed*répﬁt‘tﬁ that B'e%éﬁn‘e"mays«altér the expression of
proteins ’aggociatqd"with drug resistancs ( 14). Upisguia‘_tiongf genes assoctated with
multidrug resistance has been reported in cancer cells treated with berberine {14, lS}
Based on these reports, berberine should protett against doxorybicin woxicity towards
multideug resistant MCF-7 clone 103 cells: Our experiments indicate that berberine is
not an effective chemosensitizer of mulﬁdmg resistant MCF-7 clone 10,3 cells.
Upregulation of “proteins such as Pgp, will incredse drug resistaiice, while down
:reg;tizﬁion. of the same will decrease drug resistance.

The wild type and multidmg resistant MCF-7 gell lines showed a multifold differrice in
sensitivity to 'déaggt};fubiqiu;;bjut not to'tetrandring or berberine, Both herberine and
tetrandrine were:cytotoxic to both cell lines even in the absence of doxorubicin.
Berberine, which has been teported to uprcgulate the expres Sio'r‘;,,qf proteins associated
with drug Tesi stance did not sensitize ;argg'resis;fant cells to doxorubicin mediated

cylotoxicity. Tetrandrine, in sharp coritiast was cffective in-overcoming resistance to

“doxorabicin. The efféct of teteandring was not antagonized by berbétine.




Out results indicate that tetiandrine is'an effective chemosensitizer of multidnig:
rosistant MCF=7 glonie: 10.3 ells totwards doxorubicin. “Phis is ini‘accord with recent
reports on teversal of myltidrug resistance in cancer cells by tetrandrine (16-18),
Tnview of thess interesting résults, further work is negded to elicidate the mechanisms

associated with the phariacelegical effects of these alkaloids:

This study dernonstrates that teteandrine is an important chemosensitizer with respect
1o doxorubicin tosicity in MCF-7 breast caucer cells that express the MDR phenotype. To
our knowledge; this is the first study to demonstrate that tetrandrine also potentiated
doxorubicin Cytotoxicity despite treatment with berberifie. This:is significant because.

berberine is an upregulatorof Fgp;
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Figure Legends

Figure 1. Comparison of the cytotoxicity of doxorubicin towards MCF-7 wild lype
(lower curve) and rifulfidrug resistanit MCF-=7 clone 103 cclls (uppor curve). Multiwell
luster plates wore soeded with ton thousand cells per well and incubated ovemnight for
attachment to the substratum and then treated with different Concentrations of

doxorabicin anid cell viability was agsayed 72 Hours later usitig the MTT assay,

F,igzjare’s-z'; Comparison of the gytotoxicity of tetrandring towards MCF-7 wild type (lower
curve) andmultldmg Tesistant MCF -7 clone 10.3 ‘cdi:ﬁlppzerfcurve}) Mﬁi':ti_well cluster
plates were seeded with- ten thousand cells perwell and incubated overnight for
attachment to the substratum and then teeated with different concentrations of tettandtine

4nd cell viability was assayed '?2 hours later using the MTT assay

Figure3. Cytotoxicity of berberine (BER) tetrandririe combinations towards wild type.
MCF-7 cells. -Altached cells in 96 multitvell plates were treated with different
contentrations of berbering alone or in combination with tefrandrine for 72 howrs before
‘processing for MTT wssay for ccll viab ilitff.s Open circles — berberine alone ; solid
squares — berberine with tetrandrine (2 M) ; open triangles ~ berbetine with tetrandrine

Figure 4. Cylotoxicity of berberine (BER) tetrandring ;;mlh\iqati;ons-mwards multi dmg
resistant MCF-7 clone 10.3 cclls  Attached cells in 96 multitvell plates were treated with

different concentrations of herberine alone or in combination wilh tetrandrine for 72




‘Towrs before processing for MTT assay for cell viability, Open squares - berbetine alone;
solid triangles - berberine with tetrandrine (2uM); solid squares — Berbering with

tetrandrine (4M)

Figure 5. Theinflugnce of tetrandring and Ea:mpxiﬁzna on the eytotosicity of doxorhicin
towards MOF-T cells.  Cell viabifity was determined after 72 hour treatment with
diffatent concsritiations o dooribicin Alotis ot i fhis presviic of. Gitasidring CTEN) or
tmoxifon at the concentrations indicated in the legend, ‘Solid diamonds- doxorubicin

glone; solid squares- doxorubicin in the presence of tamoxifen (10 uM) ; open tiangles-

‘doxotubigin with tetrandrine (10 pM); cross (x) - doxorubicin with tetrandrine (20 pM)

Figure 6, The influenceof betbering and tammj;if*éﬂ ?,1’1.;ﬁhf33v_€§§‘_’t€5t(}§(ic~;:}’ of 'dcxgmbiéiu
towards MCF-7 cells: Ceﬂ',\'}iiabiii'tyia;-'asdetérmitmd ‘after 72 Hour teafment with
different concentrations of doxorubicin alone or in the presence of Bérbérinfe'(BﬁR} or
tamoxifen at the concentrations indicated in the legend. - Solid diamonds- doxorubicin
alone; solid squares- doxorubicin in the presence of tamoxifen (10 UM 7 open-cireles-

doxorubicin with berberine (10 uM); éross (x) - doxorubicin with berberine (20 pb)

Figure 7, The influenice of berberine-tetrandrine combinations and tamoxifen on the.
~ eytotoxicity of doxorubiein towards MCF-7 cells. Cell viability was determined after 72
‘hour treatment with diffevent coricentratiotis of doxorubigin alone or in the presence of

berberine (IBEI{} “tetrandring (TEN) combinations or tamoxifén at the concentrations

13




indicated in the legend. Solid diamonds- doxorubicinalone: solid squares- doxorubicin
in the presence of tamoxifen (10-4M) ; open triangles- doxorubicin with berberine
{10 4M) plus tetrandrine (1 OpMY; cross(X) - doxorubicin withberberine (20 uM) plus

tetrandrine (20 LNV

Figure$; The influence ol tetrandrine and tamoxifen on the cytotoxicity of doxorubicin
towards multidrug resistant MCF-7 clotie 10.3 cells. Cell viability was determined after
72 Bour treatment with different coticeriirations of doxorubicin along or in the presence of
totrandring {TEN) or tamoxifen at the concentrations indicated in the legend. Solid
diamonds- doxorubicin dlone; solid squares- doxorubicin in'the presence of tamoxifen
{10 JM) ; open squares -~ doxorabicin in the presence of fetrandring (2.5 WM) 5 open

{riangles- doxorubicin with tetrandring (5 pM); cross (x) - doxorubiicin with tetrandrine

{10 11M) 5 open circles - doxofubicin with tetrandrine (20 pM)

Figure 9. The influénce of berbering and tamoxifen on the cytotoxicity of doxorubicin
towards multideug resistant MCF-7 clong 10_.3,ccil's_-.; Cell vi%;bijh’ty was dctoroingd after
7% hour treatment with difforent concentrations of doxorubicin alone orin the presence of
herbiering (BER) ot tamoxifen at the concentrativns indicated in the legend. Selid
dismonds- doxorubi¢in alone; solid squarcs- doxpmb,ié}n mthe presence of tatnoxifen

(10 uM) ; ‘cross (x) doxorubicin with berberine (20 uM); open triangles - doxorubicin

with berberine (40 uM)

[




Figure 10: The influence of tamoxifen and combinations of teirandrine and berbetine

on thie cytotoxicity of doxorubicin towards multidrug résistarit MCE-7 cloos 10.3 ells,
Cell vi abiiiﬁg-_x‘yggvdgt;nniqeﬁ: aﬁcr 7 2 houy ucatment v»*ﬁ_h d&ﬁerent ¢ oncenttatiims of
d_g)!’t0ﬁll};iﬁil}"@i&j’l‘te‘(1'!" in the presence of tamoxifen (10 fM)-or combinations of berbierine
and tetrandrine 4t the concentrations indicated in the legend. Solid diamonds-
doxorubicin aloné; solid squares- doxorubicin in the prestnce of tatoxifen (10 pM) ;

tircles - doxorubicin with berberine (10 uM) phus retratidrine (10 )
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